generation of an ipsilateral pain-inhibitory process. This ipsilateral pain-inhibitory process may decrease sensitivity to pressure-pain in the ipsilateral forehead and suppress secondary hyperalgesia to heat.
Introduction
In healthy humans, sensitivity to blunt pressure-pain decreases on the ipsilateral side of the forehead in the presence of upper limb pain Drummond 2009, 2011) . Rekindling heat hyperalgesia in capsaicin-sensitised forearm skin (Knudsen and Drummond 2011) and immersing a limb in ice water (Knudsen and Drummond 2009 ) evokes this ipsilateral response, as does brief bursts of high-frequency electrical stimulation (HFS) to the forearm (Vo and Drummond 2013a, b) . Specifically, HFS of the forearm enhanced pain sensitivity to mechanical punctate stimuli (pinpricks and von Frey's monofilament) not only at the conditioned site but also in adjacent skin (Vo and Drummond 2013a, b) , consistent with secondary hyperalgesia (a sign of central sensitisation) (Klein et al. 2008; Pfau et al. 2011 ). In addition, sensitivity to blunt pressurepain decreased on both sides of the forehead, with a greater reduction on the ipsilateral side.
Preferential activation of nociceptors by HFS increases synaptic strength and evokes long-term potentiation in spinal nociceptive pathways (Klein et al. 2008; Lang et al. 2007; Pfau et al. 2011; van den Broeke et al. 2010 ). However, HFS may also evoke activity in pain-inhibitory Abstract In healthy participants, high-frequency electrical stimulation of the forearm not only evokes local hyperalgesia but also inhibits sensitivity to pressure-pain in the ipsilateral forehead, possibly due to activation of ipsilateral inhibitory pain modulation processes. The aim of this study was to compare the effects of high-and low-frequency electrical stimulation of the forearm on sensitivity to pressure-pain in the ipsilateral forehead, as inhibitory pain modulation may be stronger after low-than high-frequency electrical stimulation. Before and after high-and low-frequency electrical stimulation, sensitivity to heat and to blunt and sharp stimuli was assessed at and adjacent to the electrically conditioned site in the forearm. In addition, sensitivity to blunt pressure was measured bilaterally in the forehead. Pain was more intense after high-than low-frequency electrical stimulation and was followed by primary and secondary hyperalgesia to mechanical stimulation after high-but not low-frequency electrical stimulation. Nevertheless, sensitivity to pressurepain decreased to the same extent in the ipsilateral forehead after both forms of electrical stimulation. This decrease was associated with heightened sensitivity to pressure-pain at the electrically conditioned forearm site and with diminished sensitivity to heat around this site. These findings suggest that sensitisation of pressure-sensitive nociceptive afferents at the site of electrical stimulation is associated with 1 3 pathways that descend from the brainstem to all levels of the spinal cord (Sandkuhler and Liu 1998) . For example, disrupting descending pathways using a cold block of the thoracic spinal cord enhanced the pro-nociceptive effects of HFS of the sciatic nerve in rats (Gjerstad et al. 2001) . Thus, the central sensitisation triggered by HFS may be opposed, in part, by activation of descending pain modulation pathways. Generalisation of this inhibitory effect to other regions on the ipsilateral side of the body might account for the reduction in sensitivity to pressure-pain in the ipsilateral forehead (Vo and Drummond Vo and Drummond 2013a, b) .
Recently, low-frequency electrical stimulation (LFS) (1-2 Hz) has been used to examine mechanisms of hyperalgesia in humans (Seifert et al. 2009 ). In contrast to HFS, LFS induces a long-lasting decrease in synaptic strength in spinal nociceptive pathways, resulting in hypoalgesia at the site of stimulation (Aymanns et al. 2009; Jung et al. 2011; Rottmann et al. 2008 ); in addition, LFS evokes only minor signs of secondary hyperalgesia in adjacent skin (Klein et al. 2004 ). Together, these findings suggest that LFS triggers stronger inhibitory processes than HFS. Hence, we hypothesised that the reduction in sensitivity to pressurepain in the ipsilateral forehead would be greater after LFS than HFS. To determine whether modality-specific changes in the forearm trigger ipsilateral forehead analgesia, we also explored the association between signs of inhibitory pain modulation in the ipsilateral forehead and changes in sensitivity to mechanical and thermal stimulation at and around the site of electrical conditioning in the forearm.
Methods

Participants
The sample consisted of 68 participants (41 females) ranging in age between 18 and 51 years. Participants were excluded if they suffered from any psychiatric or medical condition, or if they were pregnant or breastfeeding. Participants provided their informed consent for the procedures, which were approved by the Murdoch University Human Research Ethics Committee.
Procedures
All procedures were carried out in a laboratory maintained at 21 ± 1 °C by the same experimenter (LV). The sequence of procedures is summarised in Table 1 . Initially, participants' ventral forearms were gently exfoliated using pumice stone, rinsed and dried to minimise skin electrical resistance. One ventral forearm was assigned as the test site, and an equivalent area in the contralateral forearm (the control site) was also tested before HFS or LFS to ensure that nociceptive stimulation during the initial psychophysical assessments was equivalent in both forearms (preliminary analyses confirmed that sensitivity to heat, sharpness and pressure was similar at both sites). The laterality of the test and control sites was counter-balanced across participants. Sensitivity was assessed at the Primary Area and an area 1 cm distal to the Primary Area (Secondary Area). Participants sat in a comfortable armchair throughout the experiment.
Psychophysical tests
Before conducting baseline sensitivity tests, the participant was trained until ratings and pressure-pain thresholds stabilised. Participants reported pain or sharpness intensity using a verbal rating scale ranging from 0 to 10. For pain, 0 indicated "no pain" and 10 indicated "extreme pain". For sharpness intensity, 0 implied "not sharp" and 10 implied "extremely sharp". To assess heat sensitivity, a 1.5-cmdiameter metal probe heated to 44 ± .2 °C was placed at the site for 7 s before participants provided a pain rating. To investigate sensitivity to mild sharpness, a 10 g von Frey monofilament (Neuro-pen, Owen Mumford, USA) was applied at a 90° angle to the skin surface with sufficient pressure to bend the monofilament for 1 s. To measure sensitivity to more intense sharpness, a sharp tip with a calibrated spring mechanism exerting a force of 40 g (Neuro-pen, Owen Mumford, USA) was applied for 2 s. To measure the pressure-pain threshold (PPT), an algometer (FDX, Wagner Instruments, USA) with a modified 8-mmdiameter hemispheric rubber tip was applied at each forearm site and on each side of the forehead at 100 g/s until the participant reported pain. The psychophysical tests were then conducted with each stimulus being applied in runs alternating between the Primary and the Secondary Areas of the test and the control sites, and between the two sides of the forehead. The side tested first alternated between each arm and between each side of the forehead in counterbalanced order across participants. To minimise effects of repeated testing, each test was performed only once in each round. The exception was during baseline when measures taken at two sites on the same forearm differed by more than 20 % or 2 points on the 0-10 rating scales. In such cases, the final measurement was the average of two readings.
Conditioning procedures (HFS: N = 50; LFS: N = 18)
The electrical stimuli were generated by a constant current stimulator (DS7A; Digitimer, Welwyn Garden City, UK) and delivered via a custom-built electrode that consisted of 25 copper pins with .2-mm-diameter tips mounted on a 2 cm × 3 cm perspex block such that the tips projected .5 mm from the surface of the block. Electrodes with these properties preferentially activate superficial nociceptive A-δ and C fibres (Inui et al. 2002; Kaube et al. 2000; Nilsson and Schouenborg 1999) . The electrical detection threshold (EDT) was determined using the method of limits for 2 ascending and 2 descending sets of single pulses at 2 ms pulse width and an inter-pulse interval of 5 s. The stimulus intensity, starting at .1 mA, increased in steps of .1 mA until the participant perceived the stimulus and then decreased in steps of .05 mA until the stimulus was no longer perceived. This procedure was then repeated. The EDT was defined as the geometric mean of the 4 stimulus intensity levels. After a 5-min rest, HFS or LFS conditioning was applied at the test site. HFS conditioning consisted of 5 1-s bursts of electrical stimuli (100 Hz, 2 ms pulse width, at 10 times EDT up to a maximum of 8 mA) with 9-s rest between bursts. The participant rated pain after each HFS burst. LFS conditioning consisted of 1,000 single electrical stimuli (1 Hz, 2 ms pulse width, at 10 times EDT up to a maximum of 8 mA). The participant rated pain after every 10 electrical stimuli. LFS lasted approximately 16.7 min. Ten minutes after conditioning, the psychophysical tests were re-conducted at the test site. Sensitivity to blunt pressure was also assessed on each side of the forehead one, ten and 60 min after conditioning.
Statistical approach
A mean pain rating was derived for every 100 pulses during LFS conditioning. The change in pain ratings across the 100-pulse blocks was examined in a repeatedmeasures analysis of variance with simple contrasts between the first and subsequent blocks. Similarly, the change in pain ratings during 5 trains of HFS conditioning was examined in a repeated-measures analysis of variance with simple contrasts between the first and subsequent trains.
Sensory changes were assessed across sites (primary and secondary areas), time (before conditioning, after conditioning) and groups (HFS, LFS) in repeated-measures analyses of variance. Similarly, changes in sensitivity to pressure-pain in the forehead were assessed across sides (ipsilateral or contralateral to electrical stimulation), time (before conditioning, and 1, 10 and 60 min after conditioning) and groups (HFS, LFS).
To further investigate possible mechanisms of ipsilateral forehead analgesia, the association between asymmetry in the forehead PPT after electrical stimulation (corrected for asymmetry in the forehead PPT at baseline) and the change in sensitivity to each forearm stimulus was explored in the entire group with hierarchical multiple regression analysis. Changes in sensitivity to heat, pinpricks and pressure-pain in the Primary Area (indices of peripheral sensitisation) and the Secondary Area (indices of central sensitisation) were derived by calculating the difference between values before and after conditioning. Sensitivity to pinpricks was chosen to represent sharpness because pinpricks produced a wider range of response than von Frey monofilaments. To control for bilateral changes in sensitivity to pressure-pain in the forehead after electrical stimulation, the mean change in the forehead PPT was entered in the first step of the analysis. As different physiological processes are thought to mediate primary and secondary hyperalgesia, changes in sensitivity to heat, pinpricks and pressure-pain at the site of electrical stimulation in the forearm (i.e. indices of primary hyperalgesia) were entered in the second step, and changes in sensitivity around the electrically stimulated site (i.e. indices of secondary hyperalgesia) were entered in the final step.
Results
Pain ratings during LFS and HFS conditioning
The individual EDTs were similar for LFS (M ± SD = .53 ± .48 mA) and HFS (M = .50 ± .28 mA) (t(66) = .58, not significant). Participants perceived pain as sharp during both forms of conditioning. Mean pain ratings were greater for HFS than LFS (7.1 ± 1.6 vs. 2.6 ± 1.7 on the 0-10 verbal rating scale, t(66) = 10.2, p < .001). Pain ratings decreased progressively across the 100-pulse blocks during LFS conditioning (Fig. 1a) , but increased during the second (p < .01) and the third (p < .05) trains of HFS stimuli compared to the first (Fig. 1b) .
Primary and secondary hyperalgesia in the forearm after electrical conditioning Before conditioning, sensitivity to heat, sharpness and pressure-pain was similar in the HFS and LFS groups (Fig. 2) . Heat sensitivity in the Primary Area increased significantly after HFS conditioning with a similar trend for LFS conditioning, but did not change in the secondary area after either form of electrical conditioning (Site × Time interaction F(1, 61) = 15.0, p = .000) (Fig. 2a) . However, sensitivity to pinpricks, von Frey monofilaments and pressure-pain depended on the type of electrical conditioning, with significant increases in the primary and secondary area only after HFS conditioning (Time × Group interaction: for pinpricks F(1, 59) = 5.95, p = .018; for von Frey monofilaments F(1, 59) = 11.9, p = .001; for pressurepain thresholds F(1, 58) = 7.05, p = .010) (Fig. 2b-d) . In addition, the Site × Time × Group interaction was significant for pinpricks (F(1, 59) = 11.5, p = .001) and von Frey monofilaments (F(1, 59) = 5.91, p = .018) due to greater differences between the HFS and LFS groups at the primary than secondary site after electrical conditioning (Fig. 2b ,c) .
Forehead sensitivity to blunt pressure-pain At baseline, PPTs were similar on the two sides of the forehead for both the HFS and LFS groups. Forehead PPTs increased bilaterally with a greater increase on the ipsilateral than contralateral side after both forms of electrical conditioning (main effect for Side, F(1,66) = 28.7, p < .001; main effect for Time, F(1, 66) = 28.2, p < .001; Side × Time interaction, F(1, 66) = 11.4, p < .001; effects involving Group not significant) (Fig. 3) . The PPT increase was detected immediately after both forms of electrical conditioning and persisted for at least 60 min.
Association between primary and secondary hyperalgesia in the forearm and the development of ipsilateral forehead analgesia after electrical stimulation Heightened sensitivity to pressure-pain at the site of electrical stimulation in the forearm was associated with a greater reduction in sensitivity to pressure-pain in the ipsilateral than contralateral forehead [r(66) = .283, p < .05] (Table 2 ). However, neither pinprick nor heat sensitivity in the Primary Area strengthened this association (Table 3) . After controlling for changes in other sensory modalities, diminished sensitivity to heat in the Secondary Area predicted the development of ipsilateral forehead analgesia [R 2 change for Model 3 (3, 52) = .128, p < .05] (Table 3) .
Discussion
High-frequency electrical stimulation (HFS) was very painful and evoked primary and secondary hyperalgesia in the forearm, whereas LFS was only mildly painful and did not generate primary or secondary hyperalgesia. Furthermore, pain rose during HFS but decreased gradually during LFS conditioning, possibly due to habituation or the development of long-term depression in spinal nociceptive pathways (Biurrun Manresa et al. 2010; Klein et al. 2004; Rankin et al. 2009; Rottmann et al. 2008) . Despite these differences, decreases in sensitivity to pressure-pain in the forehead were similar after both forms of electrical stimulation, suggesting that HFS and LFS triggered similar paininhibitory processes.
Primary and secondary hyperalgesia after electrical stimulation of the forearm Heat sensitivity at the conditioned site increased after HFS with a similar trend after LFS, possibly mediated by local release of prostaglandins (Ferrell et al. 2002; Tartas et al. 2005; Ohishi et al. 1999; Yaksh et al. 1999 ). In addition, sensitivity to pressure increased at the primary Fig. 1 Pain ratings ± S.E. (a) during LFS conditioning and (b) during HFS conditioning. Pain ratings during each of the subsequent 100 pulses decreased after the initial 100 pulses during LFS conditioning (*p < .05). In contrast, pain ratings during the second and third trains of HFS stimuli increased significantly compared to the first train during HFS conditioning (*p < .05) site after HFS, indicating sensitisation of pressure-sensitive nociceptors. Sensitivity to pressure also increased nearby, possibly due to central sensitisation or to inadvertent stimulation of the primary site by stretching the sensitised skin. Similarly, hyperalgesia to pinpricks and von Frey's monofilament developed at and around the HFS-conditioned site, consistent with the development of central sensitisation (Klein et al. 2008; Pfau et al. 2011; Vo and Drummond 2013a, b; van den Broeke et al. 2010 van den Broeke et al. , 2011 . Central sensitisation is mediated, in part, by facilitatory influences on spinal nociception that emanate from the rostroventral medulla (Millan 2002; Sandkuhler 2009; Urban et al. 1999; Pertovaara et al. 1996; Burgess et al. 2002) . Thus, our findings suggest that the barrage of electrical impulses during HFS triggered this central facilitatory response.
In contrast to HFS, sensitivity to pressure, pinprick and von Frey's monofilament remained unchanged at and adjacent to the LFS-conditioned site. In addition, electrically evoked pain decreased over the course of LFS (Klein et al. 2004; Rottmann et al. 2008) , consistent with activation of central inhibitory pain control mechanisms (Jung et al. 2012; Rottmann et al. 2010 ) and/or long-term depression in central pain processing pathways (Klein et al. 2004 ). Thus, local and spinal responses to electrical stimulation differed markedly between the HFS and LFS conditions. Analgesia to blunt pressure in the forehead Despite these differences, sensitivity to blunt pressure decreased across the forehead for at least an hour after both forms of conditioning, implying activation of descending pain-inhibitory mechanisms such as diffuse noxious inhibitory controls (Villanueva and Le Bars 1995) and/or stressinduced analgesia (Bandura et al. 1988; Janssen et al. 1998) . Importantly, analgesia to pressure-pain was greater on the ipsilateral than contralateral side of the forehead not only after HFS (Vo and Drummond 2013a, b) but also after LFS, suggesting that an inhibitory influence extended hemilaterally after both forms of electrical stimulation.
Pain is modulated spinally via noradrenergic, opioidergic, serotonergic, dopaminergic, and other mechanisms (Millan 2002) . Although most of these mechanisms exert broad bilateral pain-inhibitory effects (Pertovaara and Almeida 2006) , noradrenergic pathways inhibit nociceptive activity hemilaterally (Tsuruoka and Willis 1996a, b; Tsuruoka et al. 1999 Tsuruoka et al. , 2003 via projections from the locus coeruleus that act on spinal α 2 -adrenoreceptors (Clark and Proudfit 1992; Jones and Gebhart 1986a, b) . Interestingly, in rats with bilateral lesions of the locus coeruleus, paw withdrawal latencies were found to be shorter not only in the carrageenan-inflamed hindpaw but also in the ipsilateral non-inflamed forepaw (Tsuruoka et al. 2004) . In a recent study involving positron emission tomography, an increase in metabolic activity was detected in the amygdala and periaqueductal grey following HFS of the sciatic nerve in rats (Hjornevik et al. 2008) . As stimulation of the periaqueductal grey triggers ipsilateral descending pain-inhibitory influences (Levine et al. 1991) , activation of this hemilateral cortico-spinal pathway might have inhibited pressurepain in the ipsilateral forehead following electrical stimulation of the forearm in the present study.
Analgesia to pressure-pain in the ipsilateral forehead was associated with primary hyperalgesia to pressure-pain in the forearm, likely mediated by sensitised pressuresensitive cutaneous nociceptors. Thus, an association may exist between the local, spinal or supraspinal processes that sensitise nociceptors and an ipsilateral pain-inhibitory Fig. 3 Pressure-pain thresholds ± S.E. in the ipsilateral and contralateral forehead before and after HFS and LFS conditioning. Ipsilateral and contralateral PPTs increased significantly after both forms of electrical conditioning (p < .05 for each side at each time point compared with baseline), with a greater increase on the ipsilateral side (*p < .05 compared to PPT on the contralateral side) Pressure .270* mechanism. In the skin, this appears to preferentially involve pressure-sensitive nociceptors, whereas other sensory modalities may be involved in muscles (Valeriani et al. 2005) . However, the association may be complex because the analgesic response to pressure-pain in the ipsilateral forehead developed after LFS in the absence of primary hyperalgesia to pressure-pain in the forearm. In our previous study (Vo and Drummond 2013b) , cold-evoked pain in the ipsilateral temple reduced electrically evoked pain at the HFS-conditioned forearm site to a greater extent than cold-evoked pain in the contralateral temple, suggesting that HFS induced an ipsilateral paininhibitory influence on nociception in the forearm. In the present study, analgesia to pressure-pain in the ipsilateral forehead after electrical stimulation was associated with decreases in sensitivity to heat around the site of electrical stimulation, after changes in other sensory modalities had been taken into account. Further studies are required to confirm this observation; nevertheless, the present findings suggest that the ipsilateral pain-inhibitory influence evoked by electrical stimulation of the forearm acted more strongly on thermal than mechanical nociceptors. This might explain why secondary hyperalgesia developed more readily to mechanical than thermal stimuli after electrical stimulation in this and previous studies (Klein et al. 2008; Lang et al. 2007; Vo and Drummond 2013a, b) .
Conclusions
Ipsilateral forehead analgesia to blunt pressure was detected following both HFS and LFS, irrespective of pain intensity or the development of secondary hyperalgesia around the site of stimulation. Together, these findings suggest that the descending facilitatory processes that maintain central sensitisation are independent from the descending inhibitory processes that modulate pain. Nevertheless, inhibitory mechanisms such as those identified in this study may limit the spread of secondary hyperalgesia. Moreover, stronger inhibitory influences on thermal than mechanical nociceptive activity could explain why secondary hyperalgesia develops more readily in mechanical than thermal modalities after certain forms of injury (Ali et al. 1996; Gustorff et al. 2013; Pedersen 2000) . Objective measures of activity in central pain pathways are now required to further validate these findings. Sensitivity to heat at the HFS site in the forearm .109 Sensitivity to pinprick at the HFS site in the forearm .164 Sensitivity to pressure-pain at the HFS site in the forearm .250 Sensitivity to heat around the HFS site in the forearm −.532* Sensitivity to pinprick around the HFS site in the forearm .042
Sensitivity to pressure-pain around the HFS site in the forearm .166
